PIF3 is one of the six conserved per os infectivity factors (PIFs) of baculoviruses. In this study, PIF3 of Helicoverpa armigera nucleopolyhedrovirus (HearNPV) was analysed by infectivity bioassays using a series of recombinant viruses harbouring various PIF3 truncation/substitution mutants. The results demonstrated that the N-terminal region (L26-Y45) and C-terminal region (T160-Q199) are essential for HearNPV oral infectivity. In the C-terminal T160-Q199 region, there are three conserved cysteines (C162, C164 and C185). Our results showed that substitutions of C162 or C164, predicted to be involved in disulfide-bond formation, led to a severe decrease in HearNPV per os infectivity. Mutation of C185, predicted not to be involved in disulfide-bond formation, did not affect the per os infectivity. The data suggest that disulfide bonds are important for PIF3 conformation and function. Immunofluorescence assays showed that none of the mutations affected the subcellular localization of PIF3 to the nuclear ring zone region of infected cells. Western blot results showed that all mutants except C162G and C185G failed to incorporate PIF3 into occlusion-derived viruses, which resulted in impaired oral infectivity of the latter. The data provide insights for future study of PIF3 function.
INTRODUCTION
Successful infection of the natural larval host by a baculovirus is largely dependent on the function of a number of proteins known as per os infectivity factors (PIFs), and a deletion of any one PIF abrogates infectivity. So far, the precise mechanisms of the per os infection remain largely unknown. Occlusion-derived viruses (ODVs) attach to midgut-cell receptor(s) and enter by direct fusion of the viral envelope with the host-cell membrane (Horton & Burand, 1993) . To date, six genes encoding PIFs have been identified as essential for ODV infectivity, including p74 (Kuzio et al., 1989; Yao et al., 2004) , pif1 (Kikhno et al., 2002) , pif2 Fang et al., 2006) , pif3 (Ohkawa et al., 2005; Li et al., 2007) , pif4 (Fang et al., 2009) and pif5 (odv-e56) (Harrison et al., 2010; Sparks et al., 2011) . Absence of any of these will lead to severe impairment or complete loss of oral infection. All of the pif genes are conserved among all sequenced baculoviruses and nudiviruses, whilst some pif genes are also found in salivarygland hypertrophy viruses (SGHVs) and white spot syndrome virus (Wang et al., 2011) , indicating a highly conserved entry mechanism for these invertebrate viruses. A detailed understanding of the functions of the PIFs will undoubtedly be helpful to illustrate this conserved virusentry process.
Existing data show that P74, PIF1, PIF2, PIF3 and PIF5 are all ODV-specific proteins and are located on the ODV envelope (Faulkner et al., 1997; Kikhno et al., 2002; Song et al., 2008; Harrison et al., 2010) . PIF4, unlike the other PIFs, was detected in the envelope fractions of both budded virus (BV) and ODV (Fang et al., 2009) . PIF1, PIF2 and PIF3 form a protein complex in ODVs, and P74 is associated loosely with the protein complex (Peng et al., 2010) . P74 has been confirmed to bind ODVs with midgut columnar cell microvilli (Haas-Stapleton et al., 2004) . PIF1 and PIF2 are also involved in initial binding steps; however, there is no evidence to show that PIF3 participates in this process, suggesting that PIF3 might mediate another essential event during early oral infection (Ohkawa et al., 2005) . Li et al. (2007) have shown that the N-terminal hydrophobic sequence of PIF3 of Autographa californica multiple nucleopolyhedrovirus (AcMNPV) acts as a nuclear-localization signal (NLS) and is essential for establishing primary infection in midgut cells. Alignment of the amino acid sequence of the PIF3 proteins demonstrates a hydrophobic transmembrane (TM) domain at the N terminus, followed by a region containing charged amino acids, and the C terminus of PIF3 is more conserved than the N terminus.
In this study, PIF3 of Helicoverpa armigera nucleopolyhedrovirus (HearNPV) was analysed by constructing a series of recombinant viruses harbouring various PIF3 truncation/ substitution mutants and subsequent bioassays. The results demonstrated that the N-terminal region (L26-Y45) and Cterminal region (T160-Q199) of PIF3 are essential for oral infectivity. It was also found that mutations of C162 and C164, predicted to be involved in disulfide-bond formation, led to a severe decrease in HearNPV per os infectivity. Mutation of C185, which is not expected to be involved in disulfide-bond formation, did not affect the per os infectivity. The results indicate that disulfide bonds appear to be important for the functional conformation of PIF3.
RESULTS

Bioinformatic analyses of PIF3
Sequence comparisons of PIF3 homologues are summarized in Fig. 1(a) . The N terminus of PIF3 proteins is less conserved than the C terminus. At the N-terminal region, a hydrophobic TM domain is conserved in all PIF3 proteins, followed by positively charged amino acids in most proteins. There are two glycines (G108 and G146, indicated in the protein of HearNPV) and seven cysteine residues (C70, C103, C124, C143, C162, C164 and C185) that are highly conserved in baculoviruses, nudiviruses and SGHVs (Fig. 1a) , suggesting important roles in PIF3 conformation and function. In HearNPV PIF3, there are 12 cysteines that may be implicated in disulfide-bond formation. The PredictProtein server (http://www.predictprotein.org/) revealed that 11 of the 12 cysteines are very likely to be involved in disulfide-bond formation, whereas the last cysteine residue, C185, was predicted to be unlikely to participate in disulfide-bond formation (Fig. 1b) .
Construction of recombinant HearNPVs with truncated or mutated pif3 genes
In order to determine the functional domains of PIF3, a series of truncation or substitution mutants of PIF3 was constructed (Fig. 2) . These included the N-terminal (pif3 D26-45 and pif3 D26-65 ) and C-terminal (pif3 D180-199 and pif3 D160-199 ) truncation mutants, the C162G, C164G and C185G substitution mutants, and a double mutant (C162G/C164G). Recombinant bacmids containing various pif3 truncations and cysteine mutations were constructed as described in Methods. The accuracy of all bacmids was confirmed by PCR (data not shown). Recombinant HearNPVs were produced after transfection of each recombinant bacmid DNA into HzAM1 cells. Progeny was identified by the presence of green fluorescence and polyhedra in cells infected by the recombinant HearNPVs, and the BV titres of the recombinants were similar to those of the parental virus (data not shown).
To detect the expression of PIF3, Western blot analyses were conducted on HzAM1 cells infected with the parental and recombinant viruses. Fig. 3(a) shows that anti-PIF3 antiserum can detect the expected 22.4 kDa PIF3 band in HearNPV-infected cells, but not in vHaBacDpif3-ph-infected cells or healthy cells. Truncated forms of PIF3 were also detected in cells infected with vHaBac-pif3 D26-45 -ph (~20.0 kDa), vHaBac-pif3 D26-65 -ph (~18.0 kDa), vHa Bac-pif3 D160-199 -ph (~18.0 kDa) or vHaBac-pif3 D180-199 -ph (~20.0 kDa) (Fig. 3b) . A band close to the molecular mass of native PIF3 was detected in cell samples infected with vHaBac-pif3 C162G -ph, vHaBac-pif3 C164G -ph, vHaBacpif3 C162/164G -ph or vHaBac-pif3 C185G . The data showed that mutated PIF3 proteins were expressed by the recombinant viruses.
The N-terminal (aa 26-45) and C-terminal (aa 160-199) regions are essential for the PIF3-mediated oral infection process It was shown previously that the N-terminal 21 aa of AcMNPV PIF3 act as an NLS and are essential for establishing primary infection in midgut cells (Li et al., 2007) . In this study, we investigated further the function of the N-terminal region after the NLS (L26-Y45, L26-Q65), as well as part of the C-terminal region (T160-Q199, R180-Q199), by constructing deletion mutants. All of the truncation mutants were analysed by oral bioassays. Preliminary feeding assays were carried out using a very high concentration [10 8 occlusion bodies (OBs) ml
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] of each virus and the results showed that vHaBac-pif3 D26-45 -ph, vHaBac-pif3 D26-65 -ph and vHaBac-pif3 D160-199 -ph were non-infectious to H. armigera larvae by oral ingestion, and the oral infectivity of vHaBac-pif3 D180-199 -ph was reduced in comparison to that of the control virus vHaBac-pif3R-ph; the latter led to 100 % mortality of H. armigera larvae (Table 1) . Further bioassay showed that the LC 50 value of vHaBac-pif3 D180-199 -ph dropped by six orders of magnitude in comparison to that of the control virus (Table 2 ; Fig. 4 ). Our results demonstrated that the N-terminal region (L26-Y45, L26-Q65) and C-terminal region (T160-Q199) are essential for the function of PIF3, whilst the Cterminal region (R180-Q199) plays an important role in PIF3 function.
Cysteine residues 162 and 164 are critical for oral infectivity
Bioinformatic analysis showed that there are three highly conserved cysteine residues within the C-terminal T160-Q199 region, including C162, C164 and C185 (Fig. 1 ). Recombinant viruses with site mutations to each of the above cysteine residues were generated and tested for oral infectivity. Preliminary feeding assays showed that oral infectivity of vHaBac-pif3 C162G -ph was reduced, in each mutant, and obliterated totally in the double mutant vHaBac-pif3 C162/164G -ph. However, the oral infectivities of vHaBac-pif3 C164G -ph and vHaBac-pif3 C185G -ph seem to be comparable with that of the control virus vHaBac-pif3R-ph (Table 1) .
Further, the LC 50 values of vHaBac-pif3 C162G -ph, vHaBacpif3 C164G -ph and vHaBac-pif3 C185G -ph were determined and compared with that of the control, vHaBac-pif3R-ph. The data presented in Table 2 show that the LC 50 values of vHaBac-pif3 C162G -ph and vHaBac-pif3 C164G -ph were respectively 7.61610 9 and 3.15610 7 OBs ml
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, which, in comparison to vHaBac-pif3R-ph, were reduced by about (Table 2 ). Statistical analyses indicated that the LC 50 values of vHaBacpif3 C162G -ph and vHaBac-pif3 C164G -ph were significantly different from that of vHaBac-pif3R-ph (P,0.05; Table 2 ; Fig. 4 ). The LC 50 value of vHaBac-pif3 C185G -ph was similar to that of the control virus vHaBac-pif3R-ph, with no statistically significant difference ( Table 2 ). The data Conserved cysteine and glycine residues are shown on a black background. GenBank accession numbers for PIF3 proteins and virus names are as follows: HearNPV, NP_075167; AcMNPV, NP_054145; Neodiprion lecontii NPV (NeleNPV), YP_025266; Culex nigripalpus NPV (CuniNPV), NP_203350; Cydia pomonella granulovirus (CpGV), NP_148819; Gryllus bimaculatus NV (GbNV), YP_001111270; Heliothis zea NV-1 (HzNV), NP_690507; Oryctes rhinoceros NV (OrNV), YP_002321418; Glossina pallidipes SGHV (GpSGHV), YP_001687024; Musca domestica SGHV (MdSGHV), YP_001883434. (b) Prediction of the disulfide-bonding state of cysteines in HearNPV PIF3 via the PredictProtein server (http://www.predictprotein.org/). AA, Amino acid sequence; DB_state, predicted disulfidebonding state (1, disulfide-bonded; 0, no disulfide bond); DB_conf, confidence of disulfide-bonding state prediction (0, low to 9, high). Boxes indicate cysteine residues mutated in this study.
indicate that C162 and C164 are important for PIF3 function, whereas C185 is dispensable for the PIF3-mediated oral infection process. The severely decreased oral infectivity of vHaBac-pif3 C162G -ph and vHaBacpif3 C164G -ph is in agreement with the bioassay result of vHaBac-pif3 D160-199 -ph; the latter completely lost its oral infectivity.
The truncations or mutations appear to have no impact on the subcellular localization of PIF3
The subcellular localization of the PIF3 proteins of the mutants were detected by immunofluorescence assays using samples collected at 48 h post-infection (p.i.). Similar to the PIF3 cellular distribution of the control virus vHaBac-pif3R-ph, all of the truncated or cysteinemutated PIF3 proteins were localized at the ring zone region of the infected nucleus (Fig. 5) . Therefore, the Nterminal (aa 26-45) and C-terminal (aa 160-199) deletions and C162G, C164G and C162/164G mutations did not affect the cellular trafficking and localization of HearNPV PIF3 under the experimental conditions.
Most mutants showed defective incorporation of PIF3 proteins into the recombinant ODVs
Western blot analyses were performed to test the incorporation of PIF3 into the recombinant ODVs. As Fig. 6 shows, anti-PIF3 antiserum detected the expected band for PIF3 in the ODVs of the control virus vHaBacpif3R-ph, as well as in those of vHaBac-pif3 C185G -ph, which has a similar LC 50 value to the control virus. A similar but weaker band was also detected in the ODVs of vHaBacpif3 C162G -ph, indicating that C162G PIF3 was able to be incorporated into ODVs, although the bioassay showed that the oral infectivity of the virus was severely impaired. PIF3 was not detected in the ODV samples of any of the other mutants (Fig. 6) . For vHaBac-pif3 C162/164G -ph, vHaBac-pif3 D26-45 -ph, vHaBac-pif3 D26-65 -ph and vHaBacpif3 D160-199 -ph, lack of PIF3 incorporation could explain the complete loss of their oral infectivity. For vHaBacpif3 C164G -ph and vHaBac-pif3 D180-199 -ph, which still possessed slight oral infectivities, a possible explanation could be that tiny amounts of PIF3 that were not detectable by Western blot were incorporated into ODVs.
DISCUSSION
PIF3 is one of the six conserved PIFs and a component of the PIF1, PIF2, PIF3 and P74 complex (Peng et al., 2010) . Unlike P74, PIF1 and PIF2, which have been shown to initiate binding of ODVs to midgut epithelial cells, PIF3 appears not to be involved in the binding and fusion processes (Haas-Stapleton et al., 2004; Ohkawa et al., 2005) . A study of PIF3 structure in relation to function should help in the elucidation of the function of this protein.
PIF3 is located at the envelope of HearNPV ODVs (Song et al., 2008) . Current knowledge of ODV envelope protein traffic is that, after the proteins are synthesized, they are integrated into the membrane of the endoplasmic reticulum and then targeted to the inner nuclear membrane, then transit into intranuclear membrane vesicles and finally form the ODV envelope (Braunagel & Summers, 2007) . The inner nuclear membrane-sorting motif (INM-SM) was first identified in the N-terminal 33 aa of AcMNPV ODV-E66 (Braunagel et al., 2004) and has been predicted in many ODV envelope proteins (Braunagel et al., 2009) . Study of the INM-SM of AcMNPV ODV-E66 revealed that it contains two functional domains: a hydrophobic domain of approximately 18 aa and a positively charged amino acid within 4-8 aa from the end of the hydrophobic sequence (Braunagel et al., 2004) . HearNPV PIF3 contains a putative INM-SM in that aa 3-23 form a hydrophobic TM domain, and there are three positively charged lysines located at aa 25, 31 and 32. Previously, it was shown that the Nterminal 21 aa hydrophobic domain of AcMNPV PIF3 serves as an NLS and is essential for oral infection (Li et al., 2007) . In this study, we analysed the N-terminal region downstream of the hydrophobic TM domain further. Bioassay results showed that vHaBac-pif3 D26-45 -ph and vHaBac-pif3 D26-65 -ph had lost oral infectivity completely ( Table 1 ), suggesting that both L26-Y45 and L26-Q65 are essential for PIF3 function. As L26-Y45 is a part of L26-Q65, it remains unknown whether the H46-Q65 region is Functional study of PIF3 of HearNPV essential for PIF3 function. Immunofluorescence assays demonstrated that, although the regions were predicted to be part of the INM-SM of PIF3, the deletions did not affect the trafficking of PIF3 to the ring zone region of the infected nucleus (Fig. 5) . This suggested that the charged amino acids K31 and K32 are not important for the inner nuclear membrane membrane targeting of HearNPV PIF3. As the remaining N terminus still contains a positively charged K25, we predict that the N-terminal 25 aa may be a sufficient INM-SM. Western blot analysis showed that the deletion of the N-terminal regions resulted in defective incorporation of PIF3 proteins into ODVs, which explains the loss of oral infectivity of the recombinants.
The C-terminal region of PIF3 is more conserved than the N-terminal region. When the last 20 aa, R180-Q199, were deleted from PIF3, the LC 50 value of the recombinant virus increased by six orders of magnitude compared with that of control virus ( Table 2 ), indicating that this region, although not essential, is important for oral infection. Further truncation of T160-Q199 resulted in complete loss of oral infectivity (Table 1) . Western blot analysis showed that deletion of the C-terminal region (T160-Q199 or R180-Q199) led to defective incorporation of PIF3 into ODVs (Fig.  6 ) and, as a consequence, impairment of oral infectivity.
Within the C-terminal region, three cysteines, C162, C164 and C185, are conserved in all sequenced PIF3 proteins and were subjected to further analysis. Bioassay results showed that the oral infectivity of vHaBac-pif3 C162/164G -ph was almost completely lost ( Table 1 ), indicating that C162 and C164 are together essential for PIF3 function. Individual substitution showed that the LC 50 values of vHaBacpif3 C162G -ph and vHaBac-pif3 C164G -ph were reduced by 2610 6 -and 1610 4 -fold, respectively, in comparison with that of vHaBac-pif3R-ph, suggesting that both C162 and C164 are critical to PIF3 function. Bioassay results showed that the LC 50 value of vHaBac-pif3 C185G was similar to that of vHaBac-pif3R-ph. Therefore, substitution of C185 did not affect the oral infectivity of the virus.
Among cysteine mutations, C162G and C185G did not have an obvious impact on PIF3 incorporation (Fig. 6) ; in contrast, the mutants with C164G and C162G/C164G could not be incorporated into ODVs correctly, suggesting a pivotal role of C164 for PIF3 incorporation. Therefore, except for C162G, the lost or reduced oral infectivity of recombinant viruses could be explained by the deficient packaging of truncated/mutated PIF3 proteins into the recombinant ODVs. For C162G, although the mutated PIF3 proteins were incorporated into ODVs, the bioassay data suggest that PIF3 function was severely damaged. Therefore, although C162 may not be involved in PIF3 incorporation, it plays an important role in PIF3 function. As C162 and C164 are predicted to be involved in disulfide-bond formation (Fig. 1b) , it is logical to suggest that disulfide bonds play an important role in PIF3 function. Disulfide bonds generally play an important role in the folding and stability of proteins. It is interesting to note that most PIFs contain multiple conserved cysteines. Alignments of the PIF homologues from baculoviruses, nudiviruses and SGHVs showed that P74, PIF1, PIF2 and PIF5 contain six, 12, eight and four conserved cysteines, respectively (data not shown). PIF4 is an exception, with only two conserved cysteines. It has been shown that PIF1, PIF2, PIF3 and P74 form a protein complex in ODVs (Peng et al., 2010) . The putative disulfide bonds may stabilize PIFs and/or the PIF complex to protect them from digestive enzymes in the larval midgut. Once in the alkaline, reducing environment of the midgut, they may be reversibly reduced and cause conformational change to the PIFs/PIF complex to give them functional structure. Future investigation of the structures of the PIFs will help us to understand mechanisms of oral infection. 
METHODS
Insect cells, insects and virus. The Helicoverpa zea cell line HzAM1, originally isolated from H. zea pupal ovarian tissue (Mclntosh & Ignoffo, 1983) , was maintained at 28 uC in Grace's medium (Gibco-BRL) supplemented with 10 % (v/v) FBS. Anti-PIF3 polyclonal antiserum was produced in our laboratory as reported previously (Song et al., 2008) . HearNPV strain G4, the genome of which has been sequenced (GenBank accession no. AF271059; Chen et al., 2001) , was used as the parental virus and propagated in H. armigera larvae reared on an artificial diet at 27 uC. HaBacHZ8 is an infectious bacmid of HearNPV constructed previously in our laboratory (Wang et al., 2003) . The pif3-repaired control virus vHaBac-pif3R-ph was constructed previously in our laboratory (Song et al., 2008) .
Computational analysis. Disulfide-bonding state prediction of HearNPV PIF3 was performed using the PredictProtein server (http://www.predictprotein.org/). Alignment of PIF3 homologues was performed by using the CLUSTAL W program in MegAlign (DNASTAR) and displayed by using the GeneDoc program.
Construction and identification of HearNPV bacmids containing truncated or mutated pif3. The pif3 ORF, including its putative promoter region, was amplified by PCR from HearNPV G4 genome DNA using primers pif3F (XhoI site) and pif3R (KpnI site). To generate two N-terminal truncation mutants, pif3D26-45 and pif3D26-65, the coding sequence of the hydrophobic TM domain of pif3 (pif3 1-25 ) was firstly amplified by PCR with primers pif3F and pif3 TM25 R (SphI site) and inserted into the XhoI and SphI sites of a transfer vector pFB-DUAL-ph (Song et al., 2008) . pif3 46-199 and pif3 66-199 were amplified by pif3 D26-45 F (SphI) and pif3R, and pif3 D26-65 F (SphI) and pif3R. These two fragments were inserted into the transfer vector, respectively generating pFB-DUAL-pif3 D26-45 -ph and . Western blot analysis of PIF3 proteins in recombinant ODVs. ODVs were purified from OBs of each recombinant virus and Western blot analyses were performed using antibodies against PIF3 and VP39. The marker was a prestained protein molecular mass marker.
